Background In transcranial direct current stimulation (TDCS), electric current is applied via two large electrodes to modulate brain activity. Computational models have shown that large electrodes produce diffuse electric fields (EFs) in the brain, which depends on individual head and brain anatomy. Recently, smaller electrodes as well as novel electrode arrangements, including high-definition TDCS (HD-TDCS) montages, have been introduced to improve the focality of EFs. Here, we investigated whether the EFs of focal montages are more susceptible to interindividual anatomical differences.
Introduction
In recent decades, noninvasive brain stimulation has become widely used for studying and treating various neurological and psychiatric disorders. Methods such as transcranial direct current (TDCS) and magnetic (TMS) stimulation are capable of modulating brain activity beyond the duration of stimulation and have potential in the treatment of diseases including depression [1] , chronic pain [2] and motor and sensory deficits after stroke [3] [4] [5] .
Conventionally, 1-2 mA electric currents are applied in TDCS via two 25-35 cm 2 electrodes [6] , producing spatially widespread electric fields (EFs) on the cerebral cortex [7, 8] . Although promising results have been obtained using these montages, results vary between subjects [9, 10] . Computational models suggest that this variability may be partially due to differences in individual anatomy [11, 12] . As recent studies have also pointed out the importance of both EF magnitude and direction [13] [14] [15] [16] on the cerebral cortex to the stimulation outcome, better control of stimulation is required.
Improved stimulation control has been attempted by better targeting of EFs.
Previous studies have used various approaches to achieve more localized EF distribution: smaller stimulating electrodes have been found to produce more focal TDCS [17] [18] [19] [20] , and various high-definition [8, 21] and multifocal [22] TDCS setups have been developed. These are often used with the same input currents (1-2 mA) as traditional montages, although montage selection affects EFs. As individual anatomy also affects TDCS EFs, increasing the focality of stimulation could result in greater uncertainty in group-level results due to EFs being more affected by local individual anatomy.
Here, we computationally examined TDCS EFs in 77 subjects using 13 different TDCS montages to produce different EF focalities. The objective was to determine how the montage affects the interindividual variability in TDCS EFs in the hand area of the primary motor cortex (M1).
Methods

Subjects
We used T1-and T2-weighted magnetic resonance (MR) images obtained with 3 T scanners from 77 neurologically healthy subjects (58 males) in our prior studies [7, 13, 23, 24] . All subjects provided informed and written consent prior to participating in MR imaging (MRI). Subjects had an average age of 25 years, ranging from 19 to 47 years.
Segmentation
The obtained T1-and T2-weighted MR images were used to build volume conductor models with a resolution of 0.5 × 0.5 × 0.5 mm 3 using both FreeSurfer [25] [26] [27] [28] and a previously described in-house method [11, 24] . FreeSurfer was used to segment the brain into grey and white matter. Tessellated surfaces of grey and white matter were also generated using FreeSurfer. Brain segmentation was improved by segmentation of subcortical structures (nuclei, cerebellum, and brainstem) and ventricles. Non-brain tissues were segmented by first dividing them into three compartments consisting of the scalp, skull, and the space between the skull and the brain (intracranial compartment). The compartments were finally segmented based on both the T1-and T2-weighted images and morphological information into the following tissues: scalp into skin, muscle, and fat; skull into compact and cancellous bone; and intracranial compartment into cerebrospinal fluid (CSF), venous sinuses (blood), and dura. The continuity of the CSF layer was ensured during the segmentation process.
Electrical conductivities
To generate volume conductor models, electrical conductivity was assigned to each voxel in the segmented head models. Conductivities were assumed to be linear and isotropic. For gray matter, we used 0.2 S/m, based on the average of previously reported values [29] [30] [31] [32] [33] [34] , and for white matter, 0.14 S/m, which is 30% lower than the gray matter values, in accord with previously reported values [29] [30] [31] . These conductivities were also used for cerebellar gray and white matter. CSF conductivity was 1.8 S/m [35] . Other conductivity values were: blood, 0.7 S/m [31] ; compact and cancellous bone, 8 mS/m and 27 mS/m, respectively [36] (bone conductivities were increased by 30% to compensate for room temperature measurement. The factor of the increase was estimated based on tissue conductivity measurements at room and body temperatures [30] ); muscle and dura were assumed to have the same conductivity, 0.16 S/m [37] ; skin, 0.08 S/m [37] ; fat, 0.08 S/m [37] ; and eye tissue, 1.5 S/m [38] .
Computational model and solution methods
The EF (V/m) can be represented as
where the electric scalar potential ϕ (V) satisfies the following equation and boundary
where domain Ω contains both the head and the electrodes, ∂Ω is the boundary of Ω, σ denotes the electrical conductivity (S/m), and i is the applied current source/sink density (A/m 3 ). The applied source/sink density i is nonzero only at the electrodes and satisfies equations = 0 and | | = , where the integrals are taken over Ω and I (A) is the input current. The electrode models and montages are described in detail in the next section.
To numerically determine ϕ, equation (2) was discretized using the finite element method (FEM), using voxels of the volume conductor model as elements. Likewise, the electrodes were modelled using cubical elements. The basis functions were linear. On average, the models, including the electrodes, consisted of 33 million cubical elements sized 0.5 × 0.5 × 0.5 mm 3 , with 34 million degrees of freedom. The linear equation system resulting from discretization was solved using the geometric multigrid method [39] .
After ϕ was determined, EFs were calculated at the vertices ( ≈ 142000) of a tessellated surface located 1 mm below the gray matter surface from (1).
Additionally, EFs induced by TMS were determined using the same solver for scalar potential computations, but with a different source term. The details of the TMS computations and electric conductivities used here have been thoroughly described previously [7, 23, 40] .
Electrode montages
We targeted stimulation to the right primary motor cortex. In Montreal Neurological Institute (MNI) coordinates, the target point was (42,−13,66), which we have previously found to present the strongest correlation between the EF and motor evoked potentials in the left abductor pollicis brevis (APB) muscle [13] . The target point was projected from a template brain based on the MNI ICBM 2009a nonlinear asymmetric template [41, 42] onto the cortex of each individual subject using FreeSurfer. The stimulating electrode (anode) was then centered onto the point closest to the target on the subject's scalp.
The reference electrode (cathode) was placed on the contralateral forehead (Fp1 of the EEG 10/20 system), as is often done when stimulating the motor cortex [6] . Here, "electrode" refers to the combination of a saline-soaked sponge, rubber pad enclosed within the sponge, and a connector enclosed in rubber to which the electric current is applied. The electrode size and shape refer to those of the saline-soaked sponge.
The focality of TDCS improves as the size of the stimulating electrode diminishes [17] [18] [19] [20] . Hence, we studied eight different stimulating electrode sizes and shapes.
The three largest electrodes were quadrilateral: a large 10 × 10 cm 2 square, which is sometimes used as the reference electrode [17] , and the more common sizes of 7 × 5 cm 2 and 5 × 5 cm 2 [6] . Five round electrodes with diameters of 5, 4, 3, 2, and 1 cm were used to study the effects of smaller electrodes. Additionally, six round and square electrodes with surface areas of 0.79, 3.14, 7.07, 12.57, 19.63 and 28.27 cm 2 were used to study the effects of electrode shape on cortical EFs. For all of these cases, the size of the reference electrode was 5 × 7 cm 2 .
Because most focal EFs are achieved using high definition TDCS (HD-TDCS) montages, we studied a 4 × 1 concentric ring montage [8] , in which a small stimulating electrode is surrounded by a ring of four small reference electrodes. In a previous study [43] , the EFs produced by this kind of a montage have been found to become stronger and more diffuse with increasing distance between the stimulating and the reference electrodes. Hence, we considered three 4 × 1 HD montages with the four reference electrodes equally distributed around the stimulating electrode on a circle with radii of 3, 5 and 7 cm; labeled HD3, HD5
and HD7, respectively. Each electrode in the 4 × 1 HD montages had a diameter of 1.2 cm [44] .
In addition, we studied two bipolar HD montages [14, 16, 45] , in which two small (2 cm in diameter) round electrodes were placed 7 cm apart, with the target in the middle. The montages were aligned 45° right and left from the anteroposterior direction and labeled ML and PA, respectively, following the nomenclature of [14] .
All electrodes were modeled using a realistic design with two compartments and the shapes described earlier. Each electrode consisted of a 6-mm-thick saline soaked sponge with an electric conductivity of 1.6 S/m. The sponge encloses a 1-mm-thick rubber sheet (2/3 of the sponge diameter, σ = 0.1 S/m). The applied anodal/cathodal current was modeled by a current source/sink density distributed uniformly within a connector disk (radius 5 mm for each electrode size), located at the center of the rubber sheet. The input current was 1 mA in each case.
Finally, TMS was modeled as a comparative method. The TMS coil was modeled based on a Magstim 70-mm figure-8 coil using two circular coils with nine windings ranging from 7.2 cm to 9.7 cm in diameter [46] . The coil was placed in the same location as the stimulating electrode and oriented 45° from the anteroposterior direction. Figure 1 shows the electrode structure common to all TDCS montages used in this study, and Figure 2 shows all of the individual electrode montages and the TMS setup.
To generalize the findings, the calculations were repeated for three additional targets (F4, C6 and O2 of the EEG 10/20 system). Conventional montages with stimulating electrodes sized 5 × 7 cm 2 and Ø2 cm and extracephalic reference electrodes, and HD5 and PA montages were studied.
Data analysis
For group-level analysis, the individual EF magnitudes and normal components calculated on the vertices on a tessellated surface 1 mm below the surface of the grey matter were registered to a common template brain surface, generated using FreeSurfer from the MNI template brain.
To describe the overall strength and distribution of the EFs, the median (over all 77 subjects) magnitudes and normal components were determined at each vertex of the surface of right hemisphere of the template brain (149319 vertices). At each vertex, the interindividual variability of the EF magnitude was measured in terms of the quartile coefficient of dispersion (QCD):
where Q 1 is the first and Q 3 the third quartile calculated over all 77 subjects.
The focality of the EF was calculated individually for each subject as the proportion of the surface area of the right hemisphere where the EFs exceeded 50% of the EF magnitude/normal component at the target point (hereafter referred to as A ½ ). To illustrate group-level A ½ and its variability for each electrode montage, the median values and QCD were calculated over all subjects.
To study the effects of anatomical features on the predicted EFs, the thicknesses of the skin, skull and CSF-layer beneath the center of the stimulating electrode were determined by finding the closest points to its center on the outer and inner skull surfaces, and on the cortex. Spearman's rank correlation coefficient was used to study the correlation between EF magnitude at the target point and the distances.
Results
Effects of electrode montage on EFs
EFs were calculated for all 13 TDCS montages and TMS in each of the 77 individual models at a tessellated surface 1 mm below the surface of the cortex and registered to the tessellated surface of the MNI template brain. This enabled us to calculate the acrosssubject median EFs and the QCD of EF magnitude in the whole right hemisphere. These values are presented in Figure 2 . We found a clear increase in the magnitude and focality of the EFs in the right hemisphere as the size of stimulating electrode diminished. The QCD exhibited the opposite pattern: the smaller the stimulating electrode, the higher the dispersion.
The bipolar HD montages, ML and PA, also did not comply with this pattern: the EF magnitude at the target was comparable with that of the 4 × 1 HD montages, with variability in the range of that for TMS. The highest inter-individual variabilities in the EF magnitudes at the target point were obtained with the 4 × 1 HD montages, which also visually produced the most focal median EFs, as expected. However, the median EF magnitude at the target was higher with a Ø1 cm stimulating electrode and PA montage than with the 4 × 1 HD montages. Figures 3A and 3B show the EF magnitude at the target point and A ½ for each electrode montage, alongside their QCDs and interquartile (IQ) ranges. Heat maps in Figure   3C and 3D show the inter-montage differences in percentage points to better quantify how the changes in focality affect the inter-individual variability of EFs. The conventional montages with small stimulating electrodes produced higher median EF strengths and were more focal in the right hemisphere, in terms of having a smaller median A ½ , compared with conventional montages with large stimulating electrodes: the difference between median A ½ of stimulating electrodes sized 10 × 10 cm 2 and Ø1 cm was 64 percentage points, with the Ø1 cm stimulating electrode having a median A ½ of 5.9%. In addition, the QCD of the EF magnitude at the target was 6.7 percentage points lower, with a stimulating electrode size of 10 × 10 cm 2 compared with a size of Ø1 cm. However, with conventional montages, the variability of A ½ also increased towards more focal EFs with a five-fold increase in QCD of A ½ from stimulating electrodes sized 10 × 10 cm 2 to size Ø1 cm. The 4 × 1 HD montages had the most focal EFs in the right hemisphere, with median A ½ ranging from 1.5% to 4.5%.
Additionally, the QCD of |E| at the target and the median A ½ were found to have a strong negative correlation (ρ = −0.95), indicating that, as the focality of the EFs increased, the inter-individual variability of the EFs at the target also increased. The ML, PA and TMS montages were not included in the correlation analysis due to the differing montage types and visibly different patterns of results in Figures 3A and 3B .
The data for the normal components is shown in Supplementary figures S1 and S2. In general, normal components behaved in a similar manner to the magnitude, with more focal montages producing higher and more variable normal components. However, the normal components of the ML, PA montages and TMS were smaller than for the other montages, although the magnitudes were at a similar level, which follows from a difference in the EF direction compared with the other TDCS montages.
Supplementary figure S3 presents data comparing square and round electrodes of six different sizes, and shows that the differences in the EFs are small between the two electrode shapes with the same surface area. Supplementary figure S4 shows data for three non-motor cortical stimulating/reference electrode locations. Although the exact magnitude, interindividual variability and focality differed between stimulating electrode locations for each montage, our general findings of conventional and 4 × 1 HD montages having higher interindividual variability with more focal EFs and bipolar HD montages producing different patterns of results appear to be valid, regardless of the location of the stimulating electrode.
Anatomical effects on EFs
As EFs are affected by the individual anatomy of the head, we studied whether the increase in the inter-individual variability in the predicted EFs due to increasing focality could be explained by changes in this effect. Figure 4 shows the Spearman's rank correlation coefficient (ρ) for each electrode montage, representing the correlations between the EF magnitude at the target and the thicknesses of the scalp, skull, and CSF. On average, the thicknesses (mean ± SD) were: scalp: 7.0 ± 1.0 mm, skull: 6. As shown in Fig. 4 , all correlations were negative, and the absolute value of the correlations increased as the stimulating electrode size decreased, suggesting that there was a minor connection between electrode size and the effect of individual anatomy. For bipolar HD montages, ρ was greatly affected by the orientation of the montage: the PA orientation showed larger effects of scalp and skull thicknesses and smaller effect of CSF than the ML orientation.
Discussion
We examined the effects of different electrode montages on interindividual variability in TDCS using 77 subjects and 13 TDCS montages. We found that the interindividual variability of the predicted EFs increased systematically towards more focal EFs when using the conventional M1-contralateral forehead TDCS montage and the 4 × 1 HD-TDCS, which was found to produce both the most focal and the most variable EFs between individuals. Bipolar HD montages were found to provide the best compromise between EF variability, magnitude and focality.
In accord with previous reports [17] [18] [19] [20] , the current findings revealed an increase in the focality of EFs with decreasing stimulating electrode size. More focal EFs were also stronger at the target point. The most focal EFs, comparable with the focality of TMS, were found using a 4 × 1 HD-TDCS montage with a distance of 3 cm from the anode to the cathodes. The magnitude and focality of 4 × 1 HD-TDCS montages were inversely proportional, as suggested previously [43] . The interindividual variability of focality was found to be high. For conventional montages, the variability increased as the stimulating electrode size decreased, whereas for both types of HD montages, the variability decreased towards more focal montages.
The interindividual variability in both the predicted EF magnitude and normal component was found to be high at the target point, increasing with smaller stimulating electrodes of the conventional montage. 4 × 1 HD montages showed a similar pattern, with more focal EFs having higher variability. These results suggest that the increase in EF focality comes at the cost of additional interindividual variability in the EFs. To the best of our knowledge, differences in the variability of different TDCS montages have not been examined in experimental studies. However, Bastani and Jaberzadeh [19] reported higher variability in the after-effects of TDCS with 12 cm 2 electrodes versus 24 cm 2 electrodes.
Also, a systematic review by Horvath et al. [47] revealed a higher standard deviation of motor evoked potential amplitudes for high current density montages than for low current density montages. Assuming that differences in current density arise from differently sized anodes, both of these results are in line with the current findings for predicted EFs via computational models.
Importantly, with stimulating electrodes larger than Ø3 cm, there are high EFs between the two electrodes, and the maximum EFs lie outside the targeted area. The bipolar HD montages, ML and PA, exploit this phenomenon by targeting the stimulation between the electrodes, and achieve high EFs with a reasonable focality. Importantly, the EF magnitude at the target site for the PA and ML montages had lower interindividual variability than that of the conventional montage with a stimulating electrode size of 7 × 5 cm 2 , while having comparable magnitudes to 4 × 1 HD-TDCS.
These bipolar HD montages produce approximately perpendicular EF directions at the target compared with other montages (Supplementary figure S2) . Additionally, bipolar HD montages benefit from the ability to control the direction of current flow in the brain in relation to the gyri and sulci, which is reported to affect the physiological [14] and behavioral [16] outcomes of TDCS: PA, but not ML or AP (opposite polarity to PA), direction EFs have been found to affect TMS motor evoked potentials [14] , and AP, but not PA, direction EFs have been suggested to impair the retention of learning in a ballistic movement task [16] . The lack of control of the direction of the EFs is a potential factor for inter-individual variability in TDCS [16] . Hence, bipolar HD montages are promising for reducing interindividual variability in TDCS EFs, since they have both moderate inter-individual EF variability and the possibility of controlling EF direction. However, the orientation of this type of montage was found to slightly affect the EF magnitude, focality, and interindividual variability, and the effect of anatomical differences was affected by EF direction. In addition, with studies involving TMS motor evoked potentials, TMS direction was found to affect the outcome of bipolar HD TDCS [14] .
For conventional montages, the effect of individual anatomy on the TDCS EFs was found to be affected by the stimulating electrode size, with smaller electrodes showing slightly higher correlation coefficients between the EF magnitude and thicknesses of the scalp, skull, and CSF. For 4 × 1 HD-TDCS, the effect of skull and skin on the individual EF magnitudes was found to increase with decreasing distance from anode to cathodes. This suggests that focal EFs are more strongly affected by individual anatomy compared with those that are diffuse.
It should be noted that we studied only the EFs on the right hemisphere as the study focused on EFs in the vicinity of the targeted right M1. Compared with HD montages that restrict the current flow between the anode and cathode(s), conventional TDCS also produces EFs on the opposite hemisphere, which could lead to differences in the outcome of stimulation using these methods [17] . In addition, EFs with conventional montages with large stimulating electrodes are highly diffuse, and maximum EFs are located far from the targeted regions [8] , which could lead to modulation of different populations of neurons [48] and contribute to inter-individual variability in stimulation outcomes. Previous research has suggested that motor cortex excitability alterations differ between conventional and 4 × 1 HD TDCS [49] . However, possible differences in the interindividual variability of stimulation outcomes between the two different montage types have not yet been addressed in depth.
The EFs identified in the current study were of the same order of magnitude as those obtained in previous computational studies [8, 43, 50, 51] , with variation in the precise magnitudes likely arising from differing conductivity values. For example, the conductivity of the skin in the current study was lower than that used in a previous study [43] , resulting in higher EFs. However, skin conductivity may change even during TDCS, since it increased over time as the saline of the electrodes soaked into the skin [52] . Although these modeled EFs tended to be higher than those measured in vivo [20, 53, 54] , the spatial distribution has been found to be highly correlated between the two [20] . The difference in EF magnitude between square and round electrodes with identical surface areas was found to be less than 6% (Supplementary figure S3 ). Hence, the results can be assumed to be valid for both round and rectangular electrodes. An additional limitation regarding these montages is the electrodes, which are modeled in all montages as saline soaked sponge electrodes that are commonly used with large rubber electrodes. However, with small electrodes used in HD-TDCS, conductive electrode paste is used instead of saline-soaked sponges [55] . Finally, as we examined EF magnitude, the results are valid for both anodal and cathodal TDCS. The main results are also valid for different stimulating electrode locations, based on the modeling of different stimulating electrode locations (Supplementary figure S4 ).
Conclusions
We found that the increase in the focality of cortical EFs came at the cost of increasing interindividual variability when conventional (M1-contralateral forehead) and 4 × 1 HD-TDCS montages were used. Our findings suggest that computational modeling can be used to equalize the EFs of subjects whenever highly focal TDCS montages are used to minimize interindividual variability in EFs. In addition, bipolar HD montages produced relatively focal EFs, as strong as those produced with 4 × 1 HD-TDCS, but exhibited lower variability than either 4 × 1 HD or conventional montages. 
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